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Net recharge represents moisture entering a soil layer which is shown on 
a  diurnal  curve,  and  due to  constant moisture extraction from  the  soil 
during daylight is  generally only evident during the night when moisture 
content stabilises  or  increases.  Where  no  irrigation  or rainfall  occurs 
moisture enters a soil layer from the layer below 
A  'norm' or normative value (used throughout the FSU)  is  in  Western 
phraseology an average or modal  value derived from a survey on how 
resources  are  used.  Nonnative  values  were  instructions  to  farm 
operators to ensure the highest crop production.  They are now irrelevant 
as  farmers  lack the resources and training to implement them (TACIS, 
1999) 
The point where  pressure  in  the  groundwater  is  equal  to  atmospheric 
pressure.  This  point  is  the  interface  between  the  unsaturated  and 
saturated soil moisture zones 
A  small  diameter  pipe  used  to  observe  the  hydraulic  head  of the 
watertable.  Over  an  unconfined  aquifer  this  is  the  same  as  the 
piezometric head 
Recharge represents moisture flowing into a soil layer due to downward 
gravitational drainage or upward capillary rise from a soil layer below. 
Where  no  irrigation  or  rainfall  occurs  all  the  moisture  entering  the 
profile comes from capillary rise when a shallow watertable is present. 
Indian winter cropping season - mid October to mid April 
Primary soil salinity regards  natural  salinisation processes, such as the 
formation  of saline  soils  along  the  sea  cost  or  in  inland  evaporation 
basins.  Secondary  soil  salinity  regards  man-made salinisation  due  to 
capillary rise and lack of  drainage 
A horizontal layer or band of soil of a fixed depth llsed to  determine the 
movement of moisture and rates of soil moisture extraction and recharge 
in the soil profile 
Time Domain Reflectrometry 
When an entire soil profile is  considered (between the soil surface and a 
shallow watertable) it  is  possible to  estimate the total upward flux  into 
the crop rooting zone, where upward flux represents the gross moisture 
recharge into the profile from shallow groundwater (see gross recharge) 
United States of America 
Union of Soviet Socialist Republics 
See Phreatic 
Zero Flux Plane 
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Where groundwater is  less  than  3  m  from  the soil  surface  upward  flux  has  been  considered to 
contribute  to  crop  evapotranspiration  in  South  Kazakhstan  (Dukhovny  1981;  T ACIS,  1995). 
TACIS  (1999)  reported  average  upward  flux  rates  for  South  Kazakhstan  between  June  to 
September  1997 of between  1.8  to  2.5  mm/d.  These rates  are  comparable to  published results 
(e.g.: Van Hoorn and Van Alphen, 1994) for silty loam soil types where groundwater falls by  1 to 
3 m over the irrigation season.  No specific study of upward flux in the ARTUR irrigation system 
had been conducted, although Kazakh Research Institute of Water Resource Management (I 989) 
suggested that, in silty loam soil types with groundwater between 1 to 3 m deep, upward flux could 
contribute  between  32  to  57% of total  crop  evapotranspiration  (between 2  to  3.6  mm/d  where 
seasonal evapotranspiration was 900 mm). 
Farmers  111  the  system  have  recently  experienced  lower than  average  yields  for  all  crops  and 
attribute  this  to  a  shortage  of water.  Vyishpolskiy  (2000)  considers  that  the  current  loss  in 
productivity  is  due to  a  recent 5  year dry  period,  with  lower than average  precipitation  in  the 
spring.  The reduced rainfall has coincided with milder winters, reducing snowfall on the Karatau 
and Tien Shan mountain ranges, and hence the river flow vital to restore irrigation water in  the 
Bugun  reservoir.  Prior to  Independence,  collective  farms  in  Kazakhstan  were  supplied  with 
different varieties  of cotton every  3-4 years.  This  change  in  variety was  combined with  crop 
rotation practices (traditionally cotton 40 to 45% of cultivated area; alfalfa 20 to 25%; grain  15  to 
20%;  melons/vegetables  0  to  15%;  and  corn  10%).  This  lack  of crop  rotation  may  also  have 
resulted in  lower yields. 
No reduction in  yield has  been attributed to  salinity problems, although salinisation has  reduced 
agricultural productivity in  other areas of Kazakhstan (Tanton and Heaven, 1999).  However, the 
soils have a high magnesium content in  relation to the amount of calcium and hence are liable to 
deflocullation, sealing the soil surface and greatly reducing the rate at which water infiltrates the 
soil.  Ongoing studies have shown that applications of gypsum  improve soil  quality,  infiltration 
rate  and  yield  (Oster and Schroer,  1979).  Figure 3.2A shows the ARTUR irrigation system  on 
17/06/00 (Day of Year, DOY - 169)  with the  Bugun reservoir clearly full  of water.  The white 
covering on the surrounding land surface is  salt which has  been  brought to the surface from  the 
shallow groundwater via upward flux.  Figure 3.2B shows the same area on 04/08/00 (day 217) 
with the Bugun reservoir clearly containing less water.  The reservoir was closed on 0 1108/00 (day 
214) due to water shortage.  Figure 3.2e is  an image from 21109/00 (day 265), which is  near to the 
end of the agricultural season.  The Bugun reservoir is  clearly empty and salt covering the  land 
surface has increased since day 169. 
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Plate 3.1 Filling of  Lysimeters with 
Undisturbed Soil 
MATERIALS AND METHODS 
The undisturbed soil monoliths were rested for five days to allow soil settlement and the drainage 
section  was  attached  to  each  lysimeter  prior  to  insertion  in  the  field.  The  lysimeters  were 
transported to the experimental field and instrumented with tensiometers ready for connection to 
mercury manometers,  immediately prior to  being lowered into the ground.  The ceramic cup of 
each tensiometer was inserted into the middle of  the soil monolith (Plate 3.2). 
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Plate 3.2 Lysimeter Prior to Field Insertion 
Showing Tensiometer Connections 
MATERIALS AND METHODS 
The lysimeters were lowered into a large mechanically excavated hole approximately 2.80 m deep 
(Plate  3.3),  along  the  same  cotton  row  as  the  climate  station  and  soil  moisture  measuring 
equipment.  The position ofthe lysimeters is shown on Figure 3.4.  Each lysimeter was placed on a 
gravel  'pack' which allowed the Iysimeter to be maintained level  (in relation to the soil surface) 
whilst the surrounding hole was backfilled.  The soil surface in the lysimeters was  10  cm lower 
than the lysimeter rim, although soil inside the lysimeters was maintained at field soil surface level 
throughout the season. 
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Figure 3.8 Lysimeter Layout in Field A, showing Lysi111eters A & B 
(groundwater at I 111),  C & D (groundwater at 1.50 111),  E & F 
(groundwater at 2 m) 
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from the daily moisture recharge provides the net change in soil moisture content within the soil 
layer studied. 
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Figure 4.2 Diagram Showing Example Diurnal Curve for a 15 cm Soil Layer 
Following this process for each soil layer within the crop root zone allows the calculation of the 
total gross recharge for each layer and therefore the profile.  This represents total upward flux into 
the crop rooting zone. 
It  will  be  shown  later  that  the  changes  in  hourly  soil  moisture  suction  are  relatively  small 
compared with the change in  soil moisture suction that occurs over an entire cropping season. 
4,3 Division of Soil Pr'ofile into Compartments 
Moisture content can increase or decrease in  the soil due to  irrigation, precipitation, groundwater 
rise,  root extraction, or a  combination of these factors,  depending on time and the  measurement 
depth.  Establishing the soil propeliies and  moisture content at different depths at the same time 
enables the direction of water movement to be established along with the hydraulic gradient. 
Figure 4.3  shows how the soil profile was sub-divided at  15  cm depth intervals called equipment 
and soil 'compartments'. 
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5.  UPWARD FLUX MEASURED BY THE DIURNAL METHOD 
5.1 Introduction 
This chapter uses the new method for estimating upward flux described in Chapter Four and the 
tensiometer data gathered in Star Ikan to estimate the rate of upward flux into the root zone of a 
cotton crop.  It compares  these  estimates  of upward  flux  with  estimates  made  using  existing 
methods of estimating upward flux and looks at the role the method has to play in predicting total 
evapotranspiration from a field crop using field instrumentation. 
5.2 Groundwater Contribution to Evapotranspiration Measured From Diurnal Changes in 
Soil Moisture Suction 
Figure 5.1  shows the daily rate of gross moisture recharge into the root zone from upward flux per 
instrumented depth over a 40-day period in Field B 1.  Initially, upward flux was low at all depths, 
with the exception of 45 cm which showed some upward movement of  water up to day 198.  Very 
little  upward  moisture  movement  was  evident  at  30  cm  depth.  The fact  that  little  moisture 
movement was evident up to around day 196 suggests that the soil contained adequate moisture for 
the young plants. 
Below the figure showing upward flux  is  a figure which shows measured groundwater depth in 
Field Bland estimated cotton root depth.  Root depth was measured up to the point when it was 
not possible to extract the entire root system (form an average of seven plants).  Final root depths 
were measured in the field at the end of  the season and a linear relationship was developed based 
on the measurements available. 
After irrigation between days 196 and 198  upward moisture movement is evident from all depths 
deeper than 60 cm.  This may have just been the result of  growing crop demand but may have also 
been influenced by the  increased hydraulic  conductivity resulting from  the  irrigation.  As  the 
plants grew and expanded their rooting systems deeper into the soil they accessed moisture deeper 
within the profile.  Peak rates of upward flux occurred within the profile over a four-day period 
between 60 and 90 cm deep.  The rapid reduction in upward flux between 60 and 90 cm deep was 
more than  likely  due  to  reduction  in both the  hydraulic  conductivity in  higher layers  due  to 
increased suction and decreased conductivity in lower soil layers as the deeper crop roots extracted 
water. 
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where  rapid  root  growth  was  expected.  However,  in  order  to  record  a  true  mass  balance 
tensiometers  needed  to  be  deeper in  the  profile  and  at  a  higher  density,  such as  15  cm  depth 
increments.  As the groundwater dropped over the season upward flux will  have decreased in the 
upper layers, but crop roots will have grown deeper into the profile to access soil containing more 
moisture and upward flux will have continued to provide the crop with water. 
Cumulative values for gross recharge, soil moisture deficit and evapotranspiration calculated using 
the  diurnal  method  are  shown  in  Figure  5.2  for  Field  B 1.  Penman-Monteith  potential 
evapotranspiration is  also shown using Hunsaker (1999) crop coefficients for short season cotton. 
Irrigation between days  196 and  198  is  indicated by  the reduction in soil moisture deficit, where 
soil moisture was replenished by  irrigation water. 
Despite the irrigation, crop moisture stress was evident in  the field  after approximately day 215. 
This can be shown by the reduction in  evapotranspiration and soil moisture deficit estimated using 
the Diurnal method.  The reduction in  gross recharge and general condition of the crop indicated 
that either upward flux was restricted, either due to  changing soil properties as  the groundwater 
dropped, or more likely it was not possible to record deeper upward flux due to the shallow depths 
of  the tensiometers in the profile. 
Potential  ETc  uSll1g  the  Hunsaker  crop  coefficients  assumes  that  evapotranspiration  was  at 
potential.  In  reality this was  not the  case due to  system wide water shortages.  Instrumentation 
showed  that  gross  recharge  provided  approximately  50%  of  potential  evapotranspiration. 
Adequate  instrumentation  of the  soil  profile  may  have  shown  that  much  more  moisture  was 
available as upward flux, which contributed to crop evapotranspiration. 
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Figure 5.4 Upward Groundwater Flux into the Unsaturated Zone Calculated Using the Diurnal 
Method 
Irrigation between days 196 and 198 resulted in  an increase of recharge from irrigation as a result 
of a  small  amount of infiltration of irrigation water and  moisture re-distribution within the soil 
profile.  The comparative rapid rise in  gross recharge indicates similar crop water demands at both 
locations,  suggesting similar growth rates and climate changes.  This is  not surprising given the 
close proximity of the experimental plots and identical crop planting times.  Maximum daily rates 
of gross recharge of about 6 mm/d occurred at approximately the same time as the maximum crop 
growth stage was reached and the high potential evapotranspiration rate (7 mm/day).  Peak values 
of gross recharge suggest that almost all crop water demand was met from shallow groundwater 
for a short period of time during maximum crop growth periods (when using Hunsaker). 
Figure  5.5  shows  gross  water  recharge  into  the  unsaturated  soil  profile  similar to  Figure  5.4, 
together with potential evapotranspiration (ETo).  Standard cotton crop coefficients were adjusted 
based on  observed crop growth rates together with coefficients developed by Hunsaker (1999) to 
reflect the short season cotton variety grown which was more relevant to this situation than using 
the  standard  F AO  crop coefficients.  Figure  5.5  shows that total  profile  upward  flux  regularly 
provided up to 80% of crop water requirements, and at times 100% of  crop water requirements. 
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Figure 5.5 Profile Gross Recharge Estimated Using the Diurnal Method and Potential Crop 
Evapotranspiration 
The complex  nature  of the  relationship  between  unsaturated  hydraulic  conductivity,  hydraulic 
gradient and moisture content means that as the soil dries, hydraulic conductivity declines and the 
rate of moisture flow through the soil  decreases.  The high moisture demands of the crop during 
maximum growth stages and the  lack of adequate  irrigation  left a  severe moisture deficit in  the 
shallow layers of the soil profile.  As upward flux supplied moisture to the crop the soil continued 
to  dry to the point where moisture flow through the soil  was minimal.  The rapid drop in  gross 
recharge  in  Figure  5.4  was  due  to  this  drying  of the  monitored  profile  and  the  reduction  in 
unsaturated hydraulic conductivity. 
The  relationship  between  unsaturated  hydraulic  conductivity  and  soil  suction  IS  presented  in 
Appendix A5  for the field soils.  Similar patterns  in  hydraulic conductivity per depth within the 
soil profile were found at all study sites, although of different magnitudes.  The large difference in 
values of K  between study sites, which were  located within 400 m  of each other, highlights the 
possible variable soil moisture conditions experienced within one field. 
Table  5.1  shows the water balance  for  the  cotton  crop  using the  diurnal  method.  On average 
groundwater entering the instrumented layers of soil contributed to between 50 to 59% of crop 
water use.  Figure 5.4 shows that peak rates of upward flux can be high, and when calculated as an 
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Figure  5.8  shows  the  relationship  between  actual  cumulative  Iysimeter-measured 
evapotranspiration  and  cumulative  groundwater  use  when  the  groundwater  was  maintained  at 
different depths in the lysimeters.  Based on a linear relationship: 
•  when the groundwater was at 2 m depth it contributed to approximately 45% of  ETc, 
•  when maintained at 1.5 m depth this contribution increased to approximately 60% of  ETc, and, 
•  at 1 m depth may have contributed up to 70% of  ETc. 
The  slope  of the  three  lines  indicates  that  at  similar  rates  of ETc  quite  different  patterns  of 
groundwater use can occur.  However, the deeper groundwater at 2  111  depth may have affected the 
seasonal evapotranspiration of  the cotton as less water was available to the plants via upward flux 
from this depth (see Table 5.2). 
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Figure 5.8 Relationship Between Cumulative Groundwater Use and Evapotranspiration Measured 
Using Lysimeters 
Figure 5.9 shows the calculated weekly percentage of groundwater contribution to crop water use. 
It is  clear that from the middle of the season groundwater contribution to ETc was almost constant 
for  all  groundwater levels.  The period of constant groundwater contribution appears to  start at 
approximately 480 mm cumulative water use.  This suggests that the roots had reached a depth in 
the soil profile which encouraged them to  use groundwater instead of irrigation water entering the 
soil higher in  the profile.  The decrease in  percentage groundwater contribution at approximately 
200 and 420 mm cumulative water use coincides with irrigation events in the lysimeters in  weeks 
6 and 10. 
106 CHAPTER FrVE  UPWARD FLUX MEASURED By THE DrURNAL METHOD 
70  ---O-2m 
60 
10 
100  150  200  250  300  350  400  450  500  550  600  650  700  750  800  850  900  950  1000  1050  1100  1150 
Cumulative Crop Water Use (mm) 
Figure 5.9 Percentage of Groundwater Contribution to Crop Water Use 
This fluctuation in  groundwater contribution suggests that when irrigation occurred the plants used 
this  water in  preference to groundwater,  but that later  in  the season, once roots  had penetrated 
deeper  into  the  soil  and  evapotranspiration  rates  were  close  to  or  at  maximum,  groundwater 
provided the majority of the daily crop water requirements.  The large final  irrigation of 106  111m 
(applied at 900 mm cumulative crop water use) did not cause a reduction in groundwater use later 
in the season.  If this was the case it suggests that irrigation applied later in the crop season was not 
used by the crop.  This is consistent with findings by Wallender et af. (1979) and Reichman et af. 
(1977). 
The Kazakh Research Institute of Water Resource Management (1989) found similar values to  the 
lysimeter  results  for  groundwater  contribution  to  crop  water  requirements  based  on  extensive 
studies  in  the  major irrigation systems in  Kazakhstan.  Based on a  Soviet categorised  'medium' 
soil type (silty  loam),  with evapotranspiration of 900  mm  or over, and groundwater 1 to  1.5  m 
below the soil surface, upward flux supplied 57% (513 mm) of evapotranspiration, and 32% (288 
mm)  where  the  groundwater was  between  2  to  3  m  deep.  These  are  similar values  to  those 
experienced during this study. 
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Figure 5.10 Daily Soil Moisture Change Calculated Using Darcy's Law, Field Bl 
Figure 5.10 shows that soil 60 cm deep within the profile provided the majority of moisture via 
upward flux to plant roots from deeper within the profile.  Upward flux reached a peak rate of 1.22 
mm/d before the soil dried and tensiometers broke tension.  Below 75 cm deep minimal moisture 
movement occurred and the positive values may represent drainage, or when below maximum root 
depth percolation losses.  Figure 5.10 demonstrates that between 60 and 75  cm deep a temporary 
zero  flux  plane  existed  which  limited  further  upward  flux  from  deeper  into  the  profile  into 
shallower soil.  As crop roots extended deeper into the profile over the season the lack of irrigation 
and crop water demand resulted in  moisture from deeper in  the profile moving upwards into the 
expanding root zone. 
Appendix AS  contains a series of figures which demonstrate the development of a zero flux plane 
in  the experiment fields and the gradual movement of water from  deeper in the soil upwards into 
shallower areas.  As experienced with the diurnal experiments, it was not possible to monitor zero 
flux  planes  and  soil  moisture  conditions  deeper  in  the  profile  because  of  the  lack  of 
instrumentation.  However, due to  the  limited irrigation deep percolation losses were expected to 
be minimal. 
The drying of the profile and the low field  unsaturated hydraulic conductivity will have 'limited' 
moisture  flow  within  the  soil  matrix.  The  'effect' of unsaturated  hydraulic conductivity  is  not 
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Figure 5.13 Cumulative Soil Moisture Change for Field Sites 
Potential  contribution  of groundwater  to  crop  water  demand  in  each  field  was  estimated  by 
comparing  measured  soil  moisture  deficit  with  potential  crop  evapotranspiration  using  the 
Penman-Monteith equation.  Figure 5.13  indicates that either considerable moisture was found by 
the cotton crop from  outside the  instrumented profile,  or that a serious soil moisture deficit was 
experienced, but the latter conclusion was not compatible with observations of the physiological 
state of  the crop in the field. 
The different groundwater depths  and  crop  growing conditions  between the  experimental  sites 
enabled a range of scenarios to be studied.  Table 5.5 contains summary results of the field water 
balance.  The Balance Deficit was calculated from  the difference between the inputs into the soil 
profile (irrigation water and the moisture extracted from the soi I profile) subtracted from the ETc. 
The Balance Deficit represents potential upward flux into the soil  profile.  The calculated rates of 
upward flux are high when considered on a daily basis over the entire season and therefore can 
only be  used  with  confidence when the  crop was  not  water stressed (as experienced by Ayars, 
1996). 
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Figure 5.14 Reference Crop Evapotranspiration (ETo) Calculated using Penman-Monteith and Ivanov (mm/day). 
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an equal number of cotton plants affected data, as did the lack of a cotton guard row running 
between the lysimeters. 
4.  Shallow groundwater in  the lysimeters provided preferential  moisture conditions and cotton 
plants inside the lysimeters were taller than plants in  the surrounding field.  This increase in 
plant  height  is  a  common  occurrence  in  Iysimeters  when  the  surrounding  fields  are  not 
maintained under the same moisture conditions as the Iysimeters.  Taller plants and bare soil 
surrounding the  lysimeters will have increased evapotranspiration from the  lysimeters  when 
compared  to  the  surrounding fields  estimated  using Penman-Monteith.  These  'effects'  are 
difficult to  reduce  unless the surrounding fields  form  part of the same experiment.  In  any 
working irrigation system this is difficult to achieve. 
5.  Maintaining the  shallow  groundwater  at  pre-determined  fixed  levels  within  the  lysimeters 
proved challenging.  Applying water to the groundwater via the external piezometer caused 
rapid fluctuations in  groundwater levels and most likely an increase in the height of capillary 
fringe.  Although groundwater depth was closely recorded drainage from the capillary fringe 
back  into  the  drainage  section  of the  Iysimeters  will  have  occurred  at  the  same  time  as 
moisture extraction by the plant roots.  Consequently, actual groundwater levels recorded will 
have contained a margin of recording error.  The preferential method to maintain groundwater 
at a fixed level and to  record water use would have been a Mariotte bottle system.  However, 
this  was  impractical at the experimental site  due  to  (i)  the  number of Iysimeters  and  large 
volumes of water would have required a large Mariotte bottle for each lysimeter.  This would 
have  required  significant  additional  resources;  (ii)  equipment  availability  was  a  constant 
problem throughout the season even without a Mariotte bottle system, and; (iii) security was 
an  ever  present  concern  and  every  attempt  was  made  to  limit  equipment visibility  in  the 
experimental fields. 
6.  A more reliable, but not representative situation would have been to block drains surrounding 
the  study  fields  to  raise the groundwater to  a  constant level  and  effectively sub-irrigate the 
cotton.  This would have  provided a  constant rate of upward  water flux  which  would have 
been easier to monitor. 
7.  Automatic  logging  of  groundwater  and  drain  water  levels  would  also  have  improved 
understanding of  the situation and increased data accuracy. 
8.  Tensiometers  and  other  soil  moisture  monitoring  equipment  should  be  placed  at  15  cm 
incremental depths vertically down the profile, and where practicable to  a maximum depth of CHAPTER SEVEN  CONCLUSIONS AND RECOMMENDATIONS 
1.86  mm/d  capillary  upward  flux  were  evident.  Only  short  periods  of upward  moisture 
movement were evident when using Darcy's method due to the dry soil. 
3.  The new Diurnal Method can be  easily adapted to  other soil types with shallow watertable. 
This method also provides estimates of capillary upward flux and crop water demand without 
the need for detailed knowledge of soil hydraulic properties, subsurface flow patterns or crop 
and other vegetation characteristics. 
4.  At the height of the season, when crop growth rates and potential evapotranspiration are high, 
there is an obvious pattern of water extraction during the day time and recharge from deeper in 
the  profile  overnight.  The  onset,  duration  and  proximity of the periods  of extraction  and 
recharge  are  transient  in  nature,  determined  by  unsaturated  hydraulic  conductivity,  crop 
moisture conditions and stress, and the climate. 
5.  The new Diurnal method should be  used with caution.  The nature of the dynamic processes 
driving moisture movement in  the soil  matrix requires  adequate monitoring of soil moisture 
and groundwater depth. 
6.  The ARTUR irrigation system is  heavily reliant on groundwater as a form of energy-efficient 
sub-irrigation. 
7.  Groundwater contributes between 43  to 67 % of  seasonal average cotton water requirements. 
8.  Scheduling irrigation to maintain soil moisture suction above that of  field capacity may be just 
as  beneficial  to  plants that are  able  to  use  a  supplementary  water source,  such  as  shallow 
groundwater.  Where upward flux occurs the need to maintain low soil moisture suctions is not 
such  a  priority,  provided crops  are  well  established  with  adequate root development.  This 
adds  flexibility  to  irrigation  schedules  both  in  terms  of timing (by  extending the  irrigation 
interval) and quantity of water. 
9.  When  upward flux  is  not  considered and  evapotranspiration  is  estimated from soil moisture 
depletion data seasonal crop water use can  be  underestimated.  Where irrigation water is  in 
plentiful supply this  may cause over-irrigation.  This could,  in some cases contribute to the 
fUliher raising of shallow groundwater. 
10.  Results  from  Iysimeters were similar to  the  rate of upward flux estimated using the Diurnal 
method.  In  the  Iysimeters, groundwater maintained  at a depth of 1 m  from  the soil surface 
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the new method.  The method may then be useful in  calibrating existing generic methods 
to actual field situations. 
2.  Further investigation is  required using the Diurnal method to expand understanding on the 
process of moisture  recharge  overnight and  the  reduction  in  moisture  extraction  at  the 
warmest part of the day.  Reduction in  moisture extraction during the wannest hours may 
represent a reduction in transpiration due to plant stress. 
3.  Identification of key soil moisture suction readings that allow moisture recharge would be 
useful  for  different  soil  types.  This  may  lead  to  identification  of key  soil  moisture 
contents at different depths that allow combination of groundwater and surface water in 
irrigation  schedules.  This  may  contribute to the  debate over the  use  of empirical field 
capacity values and their use in practical irrigation schedules. 
4.  The Diurnal  method may also allow the  monitoring of moisture extraction by  the  plant 
together with soil suction.  Further investigation on this approach is  required, but this may 
allow  the  identification  of potential  values  for  hydraulic  conductivity.  This  would  be 
especially useful in areas with different soil types, as  upward flux will occur at different 
rates.  Applying generic rates for  upward flux  on a  regional scale may  therefore further 
increase water wastage.  Further information on upward flux based on soil type, crop type 
and  rooting  depth  would  also  add  greater  flexibility  and  value  to  existing  crop  water 
models such as CROPW  A  T and the widely used F AO Irrigation and Drainage papers. 
5.  During  future  soil  moisture  studies  in  the  ARTUR  system  it  is  recommended  that 
ThetaProbes are buried to a maximum depth of between 2 to 2.5 m and are logged directly 
in  millivolts.  Improved accuracy in  soil moisture monitoring can be achieved by placing 
the  probes  at closer  incremental  depths  in  the  soil  profile,  although this  is  difficult  to 
achieve when inserting horizontally or at an angle.  Care must be taken when extrapolating 
ThetaProbe readings wider in the soil profile as they only measure the moisture content of 
a small volume of  soil. 
6.  It is  understood that new electronic tensiometer equipment is currently under development 
that would enable soil moisture suction to be measured down to 3 bar suction.  This would 
be  useful for further testing of the Diurnal method.  Accurate measurement of leaf water 
potential using a thermocouple psychrometer would provide a better understanding of crop 
moisture stress and may help in  understanding the process of  diurnal capillary upward flux 
from shallow groundwater. 
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7.  Further investigation in the application of  the new Diurnal method may provide key values 
for  soil  moisture  suction which  could  aid  in  the  determination of values  for  hydraulic 
conductivity.  These  values  are  useful  when  knowledge  of soil  moisture  suctions  are 
required  to  enable  use  of groundwater  as  part of an  irrigation schedule.  The  Diurnal 
method  may  be  useful  in  determining  upward  salt  movement  and  aid  in  the  early 
identification of  secondary salinisation. 
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IRRIGA nON AND DRAINAGE IN CENTRAL ASIA APPENDIXA2 
THEORY OF SOIL WATER FLOW 
EXAMPLE OF DIURNAL SOIL MOISTURE MOVEMENT ApPENDlxA3 
groundwater when it  fell  below target experimental depth.  The drainage section was filled with 
0.25 m of gravel (2 to 75 rom diameter) and stones (75 to 200 mm diameter), followed by 0.25 m 
of  sand (0.05 to 2 mm diameter). 
Soil inside the  lysimeter tubes that extended beyond the bottom of the steel tube was  'cut' to  a 
smooth surface.  A steel perforated plate was welded to the bottom of the lysirneter tube (Plate A 
below).  This ensured that when connecting the drainage section to the main soil monolith the soil 
did not move  position inside the lysimeter.  This also provided  stability when transporting the 
lysimeters to Field A.  The steel perforated plate was welded so that the soil inside the lysimeter 
rested upon it, allowing a hydraulic connection between the soil section and drainage section of  the 
lysimeters. 
Plate A.  Perforated Drainage Plate 
Welded to Bottom of  Lysimeters 
The lysimeters were placed on their sides horizontally in the field.  A 2.5 cm diameter soil auger 
was used to prepare insertion holes 30 cm deep in the soil via the instrumentation holes in the wall 
of the lysimeters.  Prior to insertion a suspension of the augured soil, irrigation water, and quartz 
powder suspension was poured down the holes to secure the ceramic cup in the soil.  To prevent 
water from entering the lysimeters via the instrumentation holes during irrigation events, the nylon 
tubes from the ceramic cups to the mercury were sealed with plastic coatings. 
A3 - 9 ApPENDIXA3 
Plate A3.1  Soil Capping in Field B 
Plate A3.2 Irrigation Using Spile, Field A 
Plate A3.3 Raingauge 
A3 - 25 ApPENDIXA3 
Plate A3.6 Air Temperature and Relative Humidity Sensor 
Plate A3.7 DL2e Logger and External12V Battery 
A3 - 27 ApPENDlxA3 
Plate A3.8 Water Filled Pressure Transducer Tensiometers and 
Single Equitensiometer Prior to Field Insertion 
Plate A3.9 Water Filled Pressure Transducer Tensiometers 
A3 - 28 APPENDIXA4 
EXAMPLE CALCULATION OF UPWARD FLUX USING THE NEW DIURNAL 
METHOD Appendix A4.1 
Field Measured Data Used to Calculate Hourly Rate of Change in  Moisture Content (75 cm deep) 
30/07/2000  04:00  -475.30  0.3083  46.2447  0.2071 
30/07/2000  05:00  -462.50  0.3096  46A387  0.1940 
30/07/2000  06:00  -450.90  0.3108  46.6186  0.1799 
30/07/2000  07:00  -440.60  0.3119  46.7817  0.1631 
30/07/2000  08:00  -432.00  0.3128  46.9204  0.1387 
30/07/2000  09:00  -429.00  0.3131  46.9693  0.0489 
30/07/2000  10:00  -433.90  0.3126  46.8895  -0.0798 
30/07/2000  11 :00  -447.90  0.3111  46.6657  -0.2238 
30/07/2000  12:00  -470AO  0.3088  46.3185  -0.3473 
30/07/2000  13:00  -496.00  0.3063  45.9404  -0.3781 
30107/2000  14:00  -522.90  0.3037  45.5608  -0.3796 
30/07/2000  15:00  -547.80  0.3015  45.2242  -0.3366 
30/07/2000  16:00  -570AO  0.2995  44.9300  -0.2942 
30107/2000  17:00  -589.30  0.2979  44.6916  -0.2384 
30/07/2000  18:00  -607.00  0.2965  44A743  -0.2173 
30/07/2000  19:00  -621.60  0.2953  44.2992  -0.1751 
30/07/2000  20:00  -632.60  0.2945  44.1696  -0.1296 
30/07/2000  21 :00  -637AO  0.2941  44.1136  -0.0559 
30107/2000  22:00  -634AO  0.2943  44.1485  0.0349 
30107/2000  23:00  -627.70  0.2948  44.2271  0.0785 
31/07/2000  00:00  -617.90  0.2956  44.3432  0.1162 
31/07/2000  01 :00  -606AO  0.2965  44A816  0.1384 
31/07/2000  02:00  -594.20  0.2975  44.6309  0.1493 
31/07/2000  03:00  -581 AO  0.2986  44.7905  0.1595 
31/07/2000  04:00  -567AO  0.2998  44.9685  0.1780 
31/07/2000  05:00  -553.90  0.3010  45.1438  0.1753 
31/07/2000  06:00  -540.50  0.3021  45.3215  0.1777 
31/07/2000  07:00  -528.30  0.3032  45A866  0.1651 
31/07/2000  08:00  -518.60  0.3041  45.6203  0.1337 
31/07/2000  09:00  -516.20  0.3044  45.6537  0.0334 
31/07/2000  10:00  -522.90  0.3037  45.5608  -0.0929 
31/07/2000  11 :00  -536.30  0.3025  45.3780  -0.1828 
31/07/2000  12:00  -554.60  0.3009  45.1346  -0.2434 
31/07/2000  13:00  -575.90  0.2991  44.8600  -0.2747 
31/07/2000  14:00  -599.00  0.2971  44.5719  -0.2881 
31/07/2000  15:00  -621.00  0.2954  44.3063  -0.2655 
31/07/2000  16:00  -639.90  0.2939  44.0846  -0.2217 
31/07/2000  17:00  -657.60  0.2925  43.8821  -0.2025 
31/07/2000  18:00  -672.80  0.2914  43.7120  -0.1702 
31/07/2000  19:00  -685.60  0.2905  43.5712  -0.1407 
31/07/2000  20:00  -695AO  0.2898  43A650  -0.1062 
31/07/2000  21:00  -700.80  0.2894  43A071  -0.0580 
31/07/2000  22:00  -700.80  0.2894  43A071  0.0000 
31/07/2000  23:00  -697.80  0.2896  43A392  0.0322 
01/08/2000  00:00  -692.30  0.2900  43A985  0.0593 
01/08/2000  01 :00  -686.20  0.2904  43.5647  0.0662 
01/08/2000  02:00  -678.90  0.2910  43.6446  0.0799 
01/08/2000  03:00  -671.00  0.2915  43.7319  0.0873 
01/08/2000  04:00  -662AO  0.2922  43.8280  0.0961 
01/08/2000  05:00  -653.30  0.2929  43.9309  0.1029 
01/0($/2000  06:00  -644.20  0.2936  44.0350  0.1041 
01/08/2000  07:00  -633.80  0.2944  44.1555  0.1206 
01/08/2000  08:00  -623AO  0.2952  44.2778  01223 
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DOY 
Mean Weekly Evapotranspiration from Lysimeters 
AS  - 6 ;p. 
Vl 
v~ 
Groundwater Measurements in  Neighbouring Fields from  ICARDA study (Vyishpolskiy, 2000) 
.  DOY 
cluster of piezometers N21  piez  cluster of piezometers N23  piez 
a  b  c  NQ2  a  b 
I  171  210  206  211  210  196  182 
I  172  205  206  207  199  196  192 
I  174  200  200  202  206  192  189 
177  186  185  187  192  182  179 
180  189  189  190  183  184  180 
182  201  200  200  203  190  187 
184  206  204  205  207  192  189 
186  211  210  210  210  193  190 
188  211  210  211  205  182  188 
196  220  220  221  215  200  195 
199  220  219  220  216  198  195 
203  224  224  226  221  201  198 
205  230  229  231  225  204  202 
207  233  233  233  228  209  206 
212  236  235  236  231  209  207 
219  252  252  252  248  228  227 
223  262  261  256 
226  277  276  262  243  240 
238  291  290  280  269  274 
241  292  295  269  274 
244  293  292  273  278 
257  296  318  292  293 
260  321  296 
262  323  298 
266  327  301 
GWFall  86  121  45  70  96  119 
No.  Days  86  95  52  67  86  95 
Rate of Fall 
(em/d)  100  1.27  0.87  1.04  1.12  1.25 
Average Rate of fall  1.01  cm/d  Min.  Rate of Fall 
Max.  Rate of Fall  1.27  cm/d  + above average 
Depth of piezometers a - 3m;  b - 4m; c - 2.5m 
c  NQ4 
192  208 
192  208 
190  200 
180  185 
180  190 
188  202 
189  207 
190  210 
180  208 
196  220 
195  218 
198  227 
202  228 
207  233 
207  234 
224  251 
259 
239  265 
47  57 
55  55 
0.85  1.04 
0.56  cm/d 
0.27  cm/d 
cluster of piezometersN25  piez 
a 
210 
202 
202 
188 
188 
202 
205 
207 
200 
215 
212 
219 
220 
225 
227 
244 
253 
258 
278 
288 
78 
70 
1.11 
b  NQ6 
210  188 
212 
204  183 
189  172 
193  177 
203  183 
205  183 
206  184 
202  171 
217  191 
214  188 
221  194 
222  194 
227  199 
229  199 
245  219 
254  227 
258  233 
258 
312 
316 
317 
321 
111  70 
95  67 
1.17  1.04 
- above average 
n 
cluster of piezometersN27 
a  b 
212  206 
189  187 
173  169 
176  176 
188  188 
193  192 
197  196 
186  190 
205  205 
202  202 
211  212 
212  212 
217  217 
219  219 
235  236 
243  243 
249  249 
273  274 
278  278 
283  283 
305 
305 
307 
311 
71  105 
73  95 
0.97  1.11 
0.45  cm/d 
22 
c 
211 
190 
173 
176 
187 
193 
198 
186 
204 
202 
211 
213 
218 
221 
233 
240 
29 
52 
0.56 
piez  cluster of piezometersNQ9 
NQ8  a  b  c 
211  193  194  194 
198  200  200  190 
182  179  179  179 
178  183  183  184 
188  190  190  190 
194  191  190  192 
191  190  188  192 
183  174  174  176 
198  197  198  198 
197  191  194  192 
205  199  198  200 
206  199  199  200 
209  203  203  205 
214  203  204  204 
228  220  221  221 
230  230  231  231 
243  236  237  236 
254  261  263 
266  268 
272  273 
293 
296 
297 
301 
43  79  107  42 
67  73  95  55 
0.64  1.08  1.13  0.76 
piezNQ  piezNQ 
10  11 
182  162 
172  148 
149  118 
165  144 
176  157 
178  159 
178  157 
168  149 
182  167 
175  148 
185  160 
201  167 
191  167 
194  170 
211  185 
218  193 
223  198 
239  225 
240  231 
232 
255 
58  93 
70  86 
0.83  1.08 
piez 
NQ17 
216 
200 
184 
189 
209 
215 
224 
229 
244 
246 
248 
258 
264 
265 
282 
289 
292 
314 
316 
335 
119 
95 
1.25 
piez 
NQ18 
163 
160 
150 
162 
157 
147 
158 
147 
172 
160 
171 
142 
138 
170 
195 
204 
214 
51 
55 
0.93 
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Groundwater Depth Recorded in Study Fields by ICARDA Study (Vyishpolskiy, 2000). Numbers of piezometers refer to preceeding table 